meric complex (heteromeric receptors). In the subfamily of mammalian nAChRs, homomeric receptors, such as 7, are considered ancestral to heteromeric combinations and can be activated by both ACh and the precursor/metabolite, choline (Papke et al., 1996) . Subunits like 7 are able to contribute to five agonist binding sites at both primary and complementary interface surfaces (Palma et al., 1996) , whereas heteromeric receptors, which require specialized non- subunits for the complementary side of the binding site, are limited to two agonist binding sites.
ACh is a nearly perfect molecule for fast and transient synaptic signaling at sites like the neuromuscular junction, as it is rapidly released and efficiently hydrolyzed. However, nicotinic signaling appears to be fundamentally different in the brain, where rhythmic ACh release occurs diffusely, rather than at focused synaptic sites, and a primary role of nAChRs in the brain is to modulate neuronal excitability and release of other neurotransmitters (Descarries et al., 1997; Dani and Bertrand, 2007) . As a result of esterases, extracellular concentrations of diffusely released ACh are expected to be low.
The effective opening of nicotinic acetylcholine receptors with single agonist binding sites We have identified a means by which agonist-evoked responses of nicotinic receptors can be conditionally eliminated. Modification of 7L119C mutants by the sulfhydryl reagent 2-aminoethyl methanethiosulfonate (MTSEA) reduces responses to acetylcholine (ACh) by more than 97%, whereas corresponding mutations in muscle-type receptors produce effects that depend on the specific subunits mutated and ACh concentration. We coexpressed 7L119C subunits with pseudo wild-type 7C116S subunits, as well as ACh-insensitive 7Y188F subunits with wildtype 7 subunits in Xenopus laevis oocytes using varying ratios of cRNA. When mutant 7 cRNA was coinjected at a 5:1 ratio with wild-type cRNA, net charge responses to 300 µM ACh were retained by 7L119C-containing mutants after MTSEA modification and by the ACh-insensitive Y188F-containing mutants, even though the expected number of ACh-sensitive wild-type binding sites would on average be fewer than two per receptor. Responses of muscletype receptors with one MTSEA-sensitive subunit were reduced at low ACh concentrations, but much less of an effect was observed when ACh concentrations were high (1 mM), indicating that saturation of a single binding site with agonist can evoke strong activation of nicotinic ACh receptors. Single-channel patch clamp analysis revealed that the burst durations of fetal wild-type and 11L121C receptors were equivalent until the 11L121C mutants were exposed to MTSEA, after which the majority (81%) of bursts were brief (≤2 ms). The longest duration events of the receptors modified at only one binding site were similar to the long bursts of native receptors traditionally associated with the activation of receptors with two sites containing bound agonists.
Expression in Xenopus oocytes
Mature (>9 cm) female Xenopus African frogs (Nasco) were used as the source of oocytes. The frogs were maintained in the Animal Care Services facility of the University of Florida, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, and all procedures were approved by the University of Florida Institutional Animal Care and Use Committee. Before surgery, frogs were anesthetized by placing each animal in a 1.5-g/liter solution of 3-aminobenzoic acid ethyl ester (Sigma-Aldrich) for 30 min. Oocytes were removed from an abdominal incision.
To remove the follicular cell layer, harvested oocytes were treated with 1.25 mg/ml collagenase (Worthington Biochemical Corporation) for 2 h at room temperature in calcium-free Barth's solution (88 mM NaCl, 1 mM KCl, 2.38 mM NaHCO 3 , 0.82 mM MgSO 4 , 15 mM HEPES, pH 7.6, and 12 g/liter tetracycline). Subsequently, stage 5 oocytes were isolated and injected with 50 nl (5-20 ng) each of the appropriate subunit cRNAs. Muscletype receptor cRNAs were injected in the ratio of 2:1:1:1 or 1. Recordings were made 1-7 d after injection. Although the absolute magnitude of the evoked current responses increased over time, the normalized values of the experimental responses did not vary significantly over time.
Cell culture and transient transfection of BOSC 23 cells BOSC 23 cells obtained from American Type Culture Collection were cultured at 37°C, 5% CO 2 in DMEM (Invitrogen) supplemented with 10% fetal bovine serum in the absence of antibiotics. Cells were discarded and fresh cells were thawed once 35 passages were reached. Cells were transiently transfected using Fugene 6 (Roche) according to the manufacturer's instructions. 1 d before transfection, cells were plated onto 12-mm glass coverslips (Thermo Fischer Scientific) coated with poly-d-lysine (Sigma-Aldrich). 1 µg of mouse fetal muscle-type receptor cDNA (2:1:1:1) in pRBG4 with 0.8 µg of the cDNA encoding red fluorescent protein in pDsRed (Takara Bio Inc.) was added to each 35-mm dish containing cells and coverslips. Experiments were performed 48-72 h after transfection. The red fluorescent protein was used as a marker to identify successfully transfected cells. Chemicals 2-aminoethyl methanethiosulfonate (MTSEA) was purchased from Toronto Research Chemicals Inc. All other chemicals for electrophysiology were obtained from Sigma-Aldrich. Fresh ACh and MTSEA stock solutions were made each day of experimentation. MTSEA stock solutions were made in water, kept on ice, and diluted just before experiments. 3-(4-hydroxy, 2-methoxybenzylidene) anabaseine (4OH-GTS-21) was provided by Taiho Pharmaceutical Co.
Two-electrode voltage clamp electrophysiology
Experiments were conducted using OpusXpress 6000A (Molecular Devices) (Stokes et al., 2004) . OpusXpress is an integrated system that provides automated impalement and voltage clamp of up to eight oocytes in parallel. Oocytes were automatically perfused with bath solution, and agonist solutions were delivered from a 96-well plate. Both the voltage and current electrodes were filled with 3 M KCl. The agonist solutions were applied via disposable tips, which eliminated any possibility of cross-contamination. Drug applications alternated between ACh controls and experimental applications. Flow rates were set at 2 ml/min for experiments with 7 receptors and at 4 ml/min for other subtypes. Oocytes were voltage clamped at a holding potential of 60 mV. Data were collected at 50 Hz and filtered at 20 Hz. Unless otherwise indicated, drug applications were 12 s in duration followed by 181-s washout periods with 7 receptors and 8 s with 241-s washout periods for other subtypes.
Although choline is ubiquitous in the brain and body, concentrations are still well below the EC 50 for acute activation of 7 (Papke and Porter Papke, 2002) , even under conditions of trauma when choline concentrations reach 100 µM (Jope and Gu, 1991; Scremin and Jenden, 1991) . In addition, responses of 7 receptors to high ACh concentrations are very limited (Papke et al., 2000; Papke and Porter Papke, 2002) , which raises the question of whether 7 nAChR may function effectively under conditions of low fractional occupancy of the agonist binding sites. Single-channel studies of muscle-type nAChR have associated brief openings observed at low agonist concentrations with mono-liganded receptors Sakmann, 1981, 1985; Takeda and Trautmann, 1984; Labarca et al., 1985) , supporting the hypothesis that the brief openings characteristic of 7 may also arise from the binding of single agonist molecules.
In this paper, we investigate the functional significance of the multiple agonist binding sites in heteromeric muscle-type and homomeric 7 forms of nAChR using the L119C mutation (7 numbering), which is located on the complementary face of the agonist binding site across from the C-loop (see Fig. 1 A), together with sulfhydryl modification at that site to achieve varying levels of conditional binding site modification (Papke et al., 2011) . We also use ACh-insensitive 7Y188F subunits (Horenstein et al., 2007) coexpressed with wild-type 7 subunits in different ratios. Our data are consistent with previous reports that heteromeric muscle-type receptors and homomeric Cys-loop receptors can activate with levels of submaximal agonist occupancy (Jackson, 1984 (Jackson, , 1986 Colquhoun and Sakmann, 1985; Amin and Weiss, 1996; Mott et al., 2001; Beato et al., 2004; Rayes et al., 2009; Jha and Auerbach, 2010) . Our data offer the additional insight that strong activation of muscletype and 7 nAChR may be achieved under conditions of agonist saturation at individual binding sites.
M A T E R I A L S A N D M E T H O D S nAChR clones and mutants
Mouse muscle nAChR 1, 1, , and  clones used for receptor expression in Xenopus laevis oocytes were obtained from J. Boulter (University of California, Las Angeles, Los Angeles, CA), and the mouse  clone was provided by P. Gardner (University of Massachusetts Medical School, Worcester, MA). The mouse muscle cDNA clones in pRBG4 used for transfection of BOSC 23 cells were obtained from S. Sine (Mayo Clinic, Rochester, MN) . The human 7 clones were provided by J. Lindstrom (University of Pennsylvania, Philadelphia, PA). Mutations to cDNA clones were introduced using the QuikChange kit from Agilent Technologies according to the manufacturer's instructions. The mutations were confirmed with automated fluorescent sequencing.
Preparation of RNA for injection into Xenopus oocytes
After linearization and purification of cloned cDNAs, cRNA transcripts were prepared in vitro using the appropriate mMessage mMachine kit (Invitrogen). recording pipette. To maintain undisturbed laminar flow from the application pipette and minimize solution mixing, external saline solution was continuously perfused through the recording chamber (Warner Instruments) at a rate of 6 ml/min, and the application pipette was positioned such that streams flowing from it would directly enter the aspiration port of the chamber. In addition, the tip of the application pipette was kept free of dirt and/or cell debris by periodic cleaning in a hydrochloric acid solution. All solutions were degassed under vacuum and passed through a 0.2-µm filter to reduce the probability of particles/air bubbles obstructing solution flow and/or damaging the outside-out patch.
Once a stable outside-out patch was obtained and the application and recording pipettes were aligned, the stream of external solution exiting channel 1 was turned on, followed by the 1-mM ACh stream in channel 2. The piezoelectric stepper was then used to move the 1-mM ACh stream over the patch for the pre-MTSEA treatment ACh response. 30 s before termination of the first ACh application, the flow exiting channel 1 was replaced with the 5-mM MTSEA solution. MTSEA was then applied to the patch for 60 s, after which the 1-mM ACh stream was moved back over the patch for the post-MTSEA treatment ACh response. Any time MTSEA entered the bath chamber, whether the patch survived the entire protocol or not, the chamber was completely emptied and thoroughly rinsed, the application pipette was flushed for at least 5 min with external solution that was collected in a beaker separate from the bath chamber, and the coverslip of cells was replaced. Patches were not treated with MTSEA for the experiments in which 10 nM ACh was applied to 11L121C-mutant receptors.
All patch clamp recordings were processed, idealized, and analyzed with Clampfit 10 (Molecular Devices). Before any analysis, each recording was additionally low-pass filtered to 5 kHz with a software filter simulating an eight-pole Bessel filter, corrected for baseline drift, and any recorded artifacts or spurious noise was removed. The 5-kHz filter frequency was selected as a compromise between reliable event detection and total bandwidth. A resolution limit of 1.3 filter rise time was set at 86 µsec and imposed on all recordings (Mortensen and Smart, 2007 
where I is the recorded current relative to baseline, t is time, i is the mean single-channel amplitude, and D is the duration of the ACh application (Jackson, 1998) . No attempt was made to estimate P open for an individual channel because the total number of activatible channels in a patch could not be known with any degree of certainty, and because each patch served as its own control. Therefore, no kinetic information relating to a single channel is intended by the NP open measurement. Recordings containing minimal simultaneous channel openings were selected for half-amplitude idealization and analysis of single-channel burst durations. When simultaneous channel openings occurred, segments of data containing single-channel activity were selected so that nonconducting flanking regions were ≥50 ms. Apparent subconductances occurred occasionally but were ignored because they were not obvious in all traces and because they appeared to occur independently of MTSEA treatment. Data from at least four individual patches from each condition were pooled together to obtain sufficient numbers of events for analysis.
Each oocyte received two initial control applications of ACh, an experimental drug application, and then a follow-up control application of ACh. The control ACh concentrations were 300 µM for 7 and 30 µM for muscle subunit combinations. The peak amplitude and the net charge (Papke and Porter Papke, 2002) of experimental responses were calculated relative to the preceding ACh control responses to normalize the data, compensating for the varying levels of channel expression among the oocytes. After each experimental measurement, oocytes were rechallenged with ACh at the control concentrations. Means and standard errors (SEM) were calculated from the normalized responses of at least four oocytes for each experimental concentration. The standard MTSEA treatment in the oocyte experiments was 2 mM applied for 60 s, a treatment that appears to produce a maximal effect on receptors expressed in Xenopus oocytes (Wang et al., 2010) .
For concentration-response relationships, data were plotted using Kaleidagraph 3.0.2 (Abelbeck Software), and curves were generated as the best fit of the average values to the Hill equation:
where I max denotes the maximal response for a particular agonist/ subunit combination, and n represents the Hill coefficient. For the calculation of EC 50 values, I max was constrained to equal 1 and error estimates of the EC 50 values are the standard errors of the parameters based on the Levenberg-Marquardt algorithm used for the generation of the fits (Press, 1988) .
Outside-out patch clamp electrophysiology
Single-channel currents were recorded in the outside-out patch configuration using an Axopatch 200A amplifier (Molecular Devices) at room temperature. Cells were bathed in an external solution containing (in mM): 165 NaCl, 5 KCl, 2 CaCl 2 , 10 glucose, 5 HEPES, and 0.001 atropine, with pH adjusted to 7.3 with NaOH. Patch pipettes (Sutter Instrument) were pulled to a tip diameter of 1-2 µm, fire-polished to 5-10 M, coated with SigmaCote (Sigma-Aldrich), and filled with an internal solution containing (in mM): 147 CsCl, 2 MgCl 2 , 1 CaCl 2 , 10 EGTA, 10 HEPES, and 2 ATP, with pH adjusted to 7.3 with CsOH. Recordings were lowpass filtered to 10 kHz with the built-in amplifier filter (four-pole Bessel) and digitized at 100 kHz with a DigiData 1440 (Molecular Devices) using Clampex 10 data acquisition software (Molecular Devices). Multiple recordings for each experimental condition were obtained from several transfection and recording dates.
Rapid drug application to outside-out patches was performed in a similar manner as described by Franke et al. (1987) and Jonas (1995) . Theta glass (Sutter Instrument) was pulled, scored, and then broken by hand to create an application pipette with a diameter of 130 µM (septum thickness, 10 µM). The application pipette was mounted to a Burleigh piezoelectric stepper (EXFO). The signal sent by Clampex 10 (Molecular Devices) to the piezoelectric stepper was conditioned by an RC circuit ( = 2 ms) to reduce oscillations and avoid damage to the crystal (Kabakov and Papke, 1998) .
Two reservoirs (60-ml Monoject syringe bodies; Sherwood Medical Company) were connected to each channel of the theta glass application pipette with polyethylene tubing. Channel 1 of the application pipette was connected to reservoirs containing either external saline solution or 5 mM MTSEA, and channel 2 was connected to reservoirs containing either 1 mM ACh or external saline solution. Flow rates from each reservoir and channel were an equivalent 8.5 cm/s. The time required to replace solution flow in a channel was 30 s. Solution exchange times (10-90% rise times) were typically 0.4-0.7 ms and were routinely determined by movement of 50% diluted external solution over an open different from wild-type and are unaffected by the application of MTSEA (Papke et al., 2011) . A similar pseudo wild-type background was used in other studies that introduced cysteine mutations into 7 (Barron et al., 2009 ).
The L119C mutation was identified as an effective tool for the investigation of nAChR binding sites because receptors containing this mutation responded normally to ACh, tetramethyl ammonium, quinuclidine, and 4OH-GTS-21 until treated with MTSEA or any of the three other cationic sulfhydryl reagents applied, after which agonist-induced responses were nearly completely abolished (Papke et al., 2011) . The near 100% reduction in response to 300 µM ACh that is typical when 2 mM MTSEA is applied for 60 s to 7C116S/ L119C-mutant receptors expressed in oocytes is shown in Fig. 1 B. The degree of inhibition is not significantly dependent on the ACh concentration used to evoke the responses. In the specific experiment illustrated, net charge responses to 300 µM ACh were reduced by 99.7 ± 0.1%, and responses to 3 mM ACh were reduced to a similar extent (95.9 ± 2.0%; not depicted).
Effects of 7L119C ratios in mixed 7 wild-type/mutant heteromers We sought to test the hypothesis that 7 receptors may be activated, even if the receptors have a reduced number Burst analysis was conducted with the intention of defining groups of one or more apparent channel openings that arise from an individual channel. Apparent channel openings separated by a closed interval less than the defined critical duration (t crit ) of 3.4 ms were called a burst of openings. The t crit value was calculated based on the equation e e 1 , which misclassifies equal proportions of short and long intervals, from fit time constants of the closed duration histogram of non-MTSEA-treated 11L121C receptors Sakmann, 1985, 1995) . The t crit value determined for wild-type 11 receptors was 3.1 ms; small variations in t crit values did not lead to significant changes in burst durations, and for consistency, the t crit value of 3.4 ms was applied to the wild-type recordings. The value of t crit for 11L121C patches that received 10 nM ACh was defined as 3.8 ms by the same method.
R E S U L T S
Identification of the 7L119C mutation as a tool to study nAChR binding sites
The 7 receptor contains a free cysteine residue at position 116. To prevent nonspecific modification and/or potential disulfide formations between the single free cysteine at position 116 and the introduced cysteine, we used a cysteine-null pseudo wild-type C116S background. Responses of pseudo wild-type 7C116S receptors to EC 50 concentrations of ACh, tetramethyl ammonium, quinuclidine, and 4OH-GTS-21 are not significantly Figure 1 . Location of the L119 residue in a homology model of 7 (Celie et al., 2004) . (A) The overview at left shows an 7-7 homodimer and the location of the L119 residue in relation to the C-loop in the primary face of the agonist binding site. The image on the right shows the proximity at increased magnification. Images were created in Deep View (Swiss-PdbViewer; Guex and Peitsch, 1997) from the crystal structure model of the ACh binding protein (deposited in the Protein Data Bank under accession no. 1I9B; Brejc et al., 2001 ). (B) The effect of MTSEA treatment (2 mM for 60 s) on the ACh-evoked responses of oocytes expressing the 7L119C mutation in a cysteine-null (7C116S) background. In this experiment, peak current responses to 300 µM ACh were reduced 99.4 ± 0.2%, and net charge was reduced by 99.7 ± 0.1% (n = 4). Responses to 3 mM ACh were reduced to a similar extent: 97.9 ± 0.3 and 95.9 ± 2.0% for peak current and net charge, respectively (n = 4).
7C116S and 7L119C mutations appeared to disrupt the binding of the competitive antagonist, and such experiments were not possible to pursue. Comparison of the magnitude of non-normalized functional responses from oocytes to the same concentration of ACh (300 µM) that was injected the same day, with the same amount of RNA from the same harvest of oocytes, revealed equivalent responses among the 7C116S/L119C, 1:1, 3:1, and 5:1 groups. The functional responses of the oocytes injected with 7C116S alone were threefold greater (n ≥ 5 oocytes for each group; not depicted).
Control responses to 300 µM ACh were recorded for each cell in the three injection sets before MTSEA treatment (Fig. 2 B) . After treating the oocytes with MTSEA (2 mM for 60 s), oocytes were tested with a range of of activatable binding sites. We injected Xenopus oocytes with RNA coding for 7C116S (pseudo wild-type) subunits and the MTSEA-sensitive 7C116S/L119C subunits in varying ratios. The possible subunit combinations and likely distributions of those combinations as a probabilistic function of the RNA ratios, assuming equal expression and assembly of the wild-type and mutant subunits, are shown in Fig. 2 A. With the highest ratio (5:1) of 7C116S/L119C to 7C116S, less than 4% of the receptors would be predicted to have more than two MTSEA-insensitive binding sites, and 40% would be predicted to be fully MTSEA sensitive. We attempted to verify expression of the 7L119C-mutant subunits by comparison of radiolabeled -bungarotoxin (-btx) binding before and after MTSEA treatment. However, the Table I for curve fit values.
ACh-sensitive wild-type 7 and ACh-insensitive 7Y188F together in Xenopus oocytes at varying ratios of RNA, similar to what was done with the L119C mutant (Fig. 2 , B and C). The response evoked by 4OH-GTS-21 on 7Y188F receptors is consistent with efficient 7Y188F subunit expression and assembly in oocytes (Horenstein et al., 2007) . The mutant and wild-type subunits responded alike to 300 µM 4OH-GTS-21, but wild-type subunits were required to generate responses to 300 µM ACh. However, if only single subunits are required to activate a receptor, we hypothesized that even when 7Y188F was injected at a 5:1 ratio to wild-type 7, the net charge responses to ACh should remain relatively high because 60% of the receptors would have at least one ACh-sensitive wild-type subunit. As shown in Fig. 3 B, the sensitivity of ACh concentrations from 30 µM to 1 mM. The averaged net charge data are shown in Fig. 2 C (see also Table I ), normalized to the 300-µM ACh net charge responses obtained before the MTSEA treatment. The most obvious effect of the MTSEA treatment was on the responses to low ACh concentration in the oocytes injected with the highest fraction of MTSEA-sensitive mutants. In the control (pre-MTSEA) condition, 300 µM ACh was sufficient to produce a maximal net charge response. Responses of the oocytes injected at ratios of 1:1 and 3:1 showed no significant differences in function after MTSEA treatment (P > 0.05). Only the oocytes injected at the 5:1 ratio showed a significant decrease in the 300-µM ACh-evoked responses (P < 0.05) after MTSEA treatment; however, this average decrease of 33% was less than the percentage of receptors predicted to be fully sensitive to MTSEA (40%; Fig. 2 A) . Although untreated 7 receptors (not depicted) and the treated receptors injected at 1:1 (Fig. 2 C) showed no increase in net charge from 300 µM to 1 mM ACh, the average responses of the 5:1 injected oocytes to 1 mM ACh increased to the extent that responses to 1 mM ACh were not significantly different from the pretreatment 300-µM control responses at the P < 0.05 level. One possible explanation is that 7 receptors with one or two functional binding sites may be less affected by the rapid concentration-dependent desensitization that is characteristic of 7 and, therefore, better able to respond to high concentrations of agonist.
Effects of ACh-insensitive mutant ratios in mixed 7 wild-type/mutant heteromers We have reported (Horenstein et al., 2007) a mutation in the primary face of the 7 ACh binding site (Y188F) that produces a 45-fold reduction in ACh potency (ACh EC 50 shifted from 33 ± 4 µM for wild-type to 1,500 ± 164 µM for 7Y188F) without any significant effect on the potency of the 7-selective partial agonist 4OH-GTS-21 (4OH-GTS-21 EC 50 , 14 ± 1 µM for wild-type and 14 ± 2 µM for 7Y188F). As shown in Fig. 3 A, for wild-type 7, the ratio of the 300-µM 4OH-GTS-21-evoked net charge responses to 300-µM ACh-evoked responses was 0.57 ± 0.04. In contrast, for 7Y188F receptors, the ratio of the 300-µM 4OH-GTS-21-evoked responses to 300-µM ACh-evoked responses was 4.0 ± 0.6. We coexpressed concentrations by >95% when the mutation homologous to 7L119C was placed in the 2 subunits of 42 and 32 receptors, whereas little MTSEA-dependent effects were observed when the homologous mutation was placed in the  subunits (Papke et al., 2011) . Although the placement of the modifiable L119C residue in 7 receptors and the modifiable 2L121C in 42 and 32 receptors impacts all potential binding sites of these receptors and produces equally profound reduction in function after MTSEA treatment, the effect of the homologous mutation in the subunits of heteromeric muscle-type receptors would be expected to depend on the specific subunit(s) in which the mutation was placed because the 1 subunits are paired with different non- subunits ( and  or ), which contribute different complementary faces to the two agonist binding sites. Although MTSEA treatment produced no significant the wild-type receptor to ACh was retained well, even under the 5:1 injection condition, when it would be predicted that very few of the receptors would have more than one or two wild-type subunits. The shift in 4OH-GTS-21 to ACh response ratios was no more than would have been expected from the prediction that 40% of receptors would contain only ACh-insensitive subunits.
Effects of mutations homologous to 7L119C in non- subunits of muscle-type receptors
Because structural modeling of the homomeric 7 subunits places the L119 residue in the complementary face of the agonist binding site (Fig. 1 A) , this site is expected to form the specialized domains corresponding to those of the non- subunits in heteromeric nAChR. Consistent with this prediction, MTSEA treatment reduced responses to high (1-mM) and low (30-µM) ACh current responses for either the 11L121C or 11L119C receptors. Although peak current responses to 1 mM ACh for the 11L121C receptors were decreased by MTSEA treatment (P < 0.01), the effect on 1-mM ACh responses (30 ± 7% decrease) was much less (P < 0.0001) than that on 30-µM ACh responses (74 ± 4% decrease). Note that although the peak amplitude of the responses evoked from 11L121C and 11L119C receptors by 1 mM was not decreased by the MTSEA treatment, the net charge values of the 1-mM ACh-evoked responses on all single-subunit mutants were affected because the MTSEA treatment resulted in currents with significantly (P < 0.05) faster 90-10% decay times. This would be consistent with a decreased ability of the treated oocytes to respond to the lower concentrations of ACh during the washout period.
decreases in the ACh-evoked responses of wild-type 11 or 11 receptors across a range of ACh concentrations from 1 µM to 1 mM (see Fig. 4 and Table II) , receptors with mutations in both  and  had large reductions in their responses to both low and high concentrations of ACh (Fig. 4) . Specifically, peak current and net charge responses of the double mutants (11L119CL121C) to 30 µM ACh were reduced 93 ± 1 and 96 ± 1%, respectively, and peak current and net charge responses to 1 mM ACh were reduced by 82 ± 6 and 91 ± 3%, respectively. However, if mutations were placed in only one of the two non- subunits that contribute to agonist binding sites (11L121C, 11L119C, or 11L121C), MTSEA treatment produced large decreases (P < 0.01) in the responses evoked by 30 µM ACh, with less effect on the 1-mM ACh-evoked peak (Sine and Steinbach, 1984b) . The single-channel slope conductance of 11L121C receptors was 35.5 ± 1.2 pS, and the reversal potential was 4.4 ± 2.0 mV (80 to 80 mV; n = 3; not depicted). These values are in agreement with previously published studies on fetal muscletype nAChR (Mishina et al., 1986; Schuetze and Role, 1987; Jaramillo and Schuetze, 1988) . Fig. 6 A shows traces from outside-out patches under the experimental protocol, which consisted of an 80-s initial ACh application, followed by either 5 mM MTSEA or external saline application for 60 s, and ended with a follow-up ACh application. External saline instead of 5 mM MTSEA was applied to some patches expressing 11L121C to allow channel rundown and/or desensitization that may occur independently of any MTSEA-dependent effects to be measured. Fig. 6 B summarizes the post-MTSEA treatment versus pre-MTSEA comparisons of both transient peak currents and NP open with 1 mM ACh, normalized to the average values from eight rundown/desensitization control patches. Despite consistent experimental setup, the patch-to-patch variability of the peak current and NP open measurements was higher than expected for unknown reasons that probably reflect the unstable and fragile nature of outside-out patches. No attempt was made to identify or eliminate outliers. There were no correlations between post-/pre-MTSEA treatment peak and NP open measurements and transfection dates, recording dates, lower limit of N in the patch, single-channel amplitudes, or 10-90% rise times. The non-normalized average, standard error, range, and median of values from at least eight replicates of each condition, including the rundown controls, are reported in Table III Table II . In addition to obtaining responses to varying concentrations of ACh, multiple responses to ACh at the control concentration of 30 µM were obtained from each cell before and after MTSEA. These are shown in the right-hand column of plots in Fig. 5 . Note that there was some recovery in the size of the 30-µM control responses after the MTSEA treatments. Given that the MTSEA modification results in a covalent bond, reversibility of the effect seems unlikely. The response reversibility could have represented the insertion of new receptors during the course of the experiment. Muscle-type receptors express better than any other nAChR subtype, and oocytes must be studied immediately on the day after injection or else currents are too large for effective voltage clamping. Another possibility is that the receptors with one unmodified binding site show less of an effect of progressive desensitization with repeated agonist applications.
To further investigate the MTSEA-resistant activation of muscle-type receptors with one unperturbed binding site, we performed single-channel patch clamp experiments with wild-type and mutant 11 receptors transiently transfected in mammalian BOSC 23 cells. We focused on 11L121C because the fetal receptor is the subject of extensive literature as a result of its expression in BC 3 H1 cells (see for example, Steinbach, 1984a,b, 1987; Papke et al., 1988; Papke and Oswald, 1989) . Two main types of analyses were performed on the single-channel data: (1) comparison of post-MTSEA treatment peak current and NP open measurements with the pre-MTSEA measurements obtained from the same patch in response to 1 mM ACh; and (2) fitting of burst-duration histograms from untreated and treated receptors.
At a holding potential of 70 mV, the single-channel amplitudes before and after MTSEA treatment (5 mM for 60 s) of wild-type receptors were 2.71 ± 0.02 pA and 2.69 ± 0.01 pA, respectively, of 11L121C-mutant receptors were 2.64 ± 0.05 pA and 2.63 ± 0.03 pA, respectively, and of 11L119CL121C double-mutant condition. The fit time constants are listed in Table IV . Burst durations, rather than apparent open duration histograms, are shown because open channel times are greatly affected by bandwidth limitations, such as missed brief closed intervals and ambiguities associated with idealization, whereas burst durations are much less affected by these potential confounders and are, therefore, a more reliable measure of channel opening behavior. The burst durations of wild-type 11 receptors were unaffected by MTSEA treatment, whereas the burst durations of 11L121C receptors were not different from wild-type receptors until treated with MTSEA. The number of components required to generate the best fit of the 11L121C burst-duration histogram after MTSEA increased from two to three, and most bursts consisted of brief, isolated openings, but some longer bursts remained. The proportion of total bursts of duration less than 2 ms increased from 0.26 ± 0.04 before MTSEA treatment to 0.81 ± 0.03 after MTSEA treatment. The longest time constant after MTSEA treatment was equivalent to the long time constant measured on nontreated patches (12.6 ± 0.2 ms vs. 12.9 ± 0.05 ms).
MTSEA effects on muscle mutants expressed in Xenopus oocytes
The frequency (bursts/s) of bursts appeared to increase after MTSEA treatment by a factor of 2.78 ± 0.52 (1.88 ± 0.35 without correction for rundown). Recordings from L121 mutants were also obtained without MTSEA treatment at low ACh concentrations (10 nM), where many of the observed openings were likely to arise from singly occupied receptors Sakmann, 1981, 1985) . The proportion of bursts corresponding to the brief time constant (0.26 ± 0.07 ms) was 0.43 ± 0.02, and the long time constant at 10 nM ACh was more brief than the long time constant at 1 mM ACh (4.66 ± 0.04 ms vs. 12.9 ± 0.05 ms).
D I S C U S S I O N
Other studies have investigated the relationship between available binding sites and agonist-evoked responses in muscle-type receptors (Sine and Taylor, 1980; Jha and Auerbach, 2010) and in an 7/5-HT 3 chimeric receptor (Rayes et al., 2009 ). Sine and Taylor (1980) estimated the fractional blockade of binding sites with -cobratoxin and then measured ion flux in toxin-bound vesicles from BC 3 H1 cells (fetal receptor). The conclusion was that only receptors with two free agonist binding sites could be activated. However, Groebe et al. (1995) reported that the application of 500 nM -conotoxin M1 to BC 3 H1 cells almost completely inhibits agonist-evoked responses, even though the 500-nM concentration of -conotoxin M1 theoretically results in <3% occupation of the low-affinity binding site (-) by the toxin on the BC 3 H1 nAChR (Groebe et al., 1995) . In addition, Hansen et al. (2005) Table III for values. be identified. The conclusions of this study were that 7/5-HT 3 chimeric receptors activated partially when receptors contained fewer than three wild-type subunits or when the three wild-type subunits were located at adjacent subunit interfaces. In addition, the authors concluded that receptors with fewer wild-type binding sites experienced less desensitization after strong stimulation by ACh. Unfortunately, the 7/5-HT 3 chimera is a "man-made" receptor with a much higher open probability than native 7 nAChR, and so it is unclear to what extent the conclusions of this study may be applied to 7. Although our approach is not without its own limitations, it provides the significant strength over the loss-offunction mutation approach that we can record responses from the same receptor population before and after binding site modification. Notwithstanding the Sine and Taylor (1980) experiments, the general consensus from early single-channel recordings of muscle-type receptors (see below) and experiments using loss-of-function mutations suggests that a single-agonist binding site is sufficient to open the nAChR channel, but that openings from a single binding site have a low P open relative to that of openings arising from multiple binding sites. Our results are not inconsistent with this observation, given that responses to ACh were reduced at low concentrations after binding site modification.
Early single-channel studies of muscle-type nAChR noted that the component of brief openings at low agonist concentrations behaved as if it arose from mono-liganded receptors. The ratio of total events corresponding to the nAChR (closed, open, and desensitized states). This state was induced by the binding of -cobratoxin, but not by the binding of small competitive antagonists like methyllycaconitine. In this state, the C-loop extended in the opposite direction from which it presumably moves during the activation process (Hansen et al., 2005) . Therefore, it is possible that in the original Sine and Taylor (1980) experiments, the large conformational change produced by the binding of just one -cobratoxin molecule was sufficient to render the entire channel unable to gate. Jha and Auerbach (2010) used mutations at position W149 in adult receptors to produce binding sites with reduced sensitivity to ACh, with the conclusions being that a single agonist binding site can activate the receptor, but with much less efficiency than two binding sites (equilibrium gating constants: E 1 ACh  4.3 × 10 3 vs. E 2 ACh  28). However, although expression of W149 mutant subunits resulted in receptors with two mutant binding sites and greatly reduced responses to ACh, the coexpression of W149-mutant subunits with wild-type  subunits to produce receptors with single functional binding sites resulted in mixed populations of receptors consisting of all wild-type subunits, single W149-mutant subunits, and two W149-mutant subunits. Rayes et al. (2009) used an 7/5-HT 3 receptor chimera with subunits containing 7Y190T and/or 7W55T mutations to reduce ACh sensitivity. In addition, the mutant subunits contained reporter mutations in the 5-HT 3 sequence that altered unitary channel conductance so that receptor subunit combinations could (Colquhoun and Sakmann, 1985; Jaramillo and Schuetze, 1988) . Before performing the patch clamp experiments, we hypothesized that only brief, isolated openings would be observed after MTSEA treatment of L121C brief, isolated openings (fast time constant) versus longer-lived openings (slow time constant) that were attributed to di-liganded receptors was relatively high at low agonist concentrations, but decreased as agonist concentrations increased Sakmann, 1981, 1985; Takeda and Trautmann, 1984; Labarca et al., 1985; Jaramillo and Schuetze, 1988; Papke and Oswald, 1989) . Figure 7 . Single-channel traces and fit burst-duration histograms from wild-type 11 and 11L121C receptors before and after MTSEA treatment (5 mM for 60 s) as indicated.
Bursts from 11L121C receptors before and after MTSEA treatment (indicated by * or #) are shown on the bottom row in higher time resolution together with the closed-duration histogram from 11L121C (before MTSEA treatment) used to define bursts. Currents were sampled at 100 kHz and ultimately low-pass filtered to 5 kHz. Each histogram represents the data pooled from at least individual four patches recorded under identical conditions, except for the 10-nM ACh concentration histogram, where data were pooled from three patches. Fit parameters are listed in Table IV. methyl groups for hydrogens on the quaternary nitrogen of the sulfhydryl reagent, the model for MTSEA-modified receptors is expected to be equivalent (Papke et al., 2011) . From these observations, and given that ACh contains a positively charged ammonium group, it seems most likely that the residual current by the double mutants was a result of a small fraction of incompletely modified receptors. Could the modification have spared some or all of the binding site affinity for ACh, primarily affecting the ability of the binding site to initiate the gating cascade once ACh bound? Protocols using 7C116S/ L119C mutants, MTSEA, and the positive allosteric modulator N-(5-chloro-2,4-dimethoxy phenyl)-N-(5-methyl-3-isoxazolyl)-urea (PNU-120596), which converts some desensitized states into conducting states, suggest that MTSEA modification may stabilize mutant 7 receptors in PNU-120596-sensitive desensitized states because the application of PNU-120596 alone after MTSEA modification produces activation. Importantly, MTSEA-modified receptors remain insensitive to ACh, even after they have been primed by the powerful allosteric modulator PNU-120596 (Wang et al., 2010) . In addition, the conversion of MTSEA-modified 7L119C-mutant receptors into the PNU-sensitive desensitized state only occurs when all five subunits contain the L119C mutation (unpublished data), suggesting that even though other binding sites may be in a desensitized state as a result of MTSEA modification, the receptor retains functionality with one or two unperturbed binding sites. However, although the receptor modeling and data favor the position that ACh is excluded from the ligand binding site, the modification by MTSEA could conceivably mimic a permanently bound weak partial agonist, potentially increasing the ability of the unmodified binding site(s) to activate more readily upon binding of the full agonist ACh. Because the proportion of the total synaptic current from mono-liganded muscle-type receptors under normal physiological conditions is likely negligible, our data are arguably most interesting in their possible application to neuronal nAChRs in the brain, where evidence for nicotinic synaptic transmission is slim and agonist concentrations are expected to be low. In fact, some have wondered whether nAChRs in the brain even see ACh at all (Sivilotti and Colquhoun, 1995) . Our data show that Xenopus oocytes injected with a high percentage of 7L119C-mutant RNA, and therefore likely to have a reduced number of available agonist binding sites after MTSEA treatments, can give responses to high agonist concentrations after MTSEA treatment that are comparable to the responses of receptors with all binding sites intact obtained at lower concentrations of agonist. Likewise, combinations of wild-type and 7Y188F receptors likely to have very few ACh-sensitive wild-type subunits nonetheless respond well to ACh.
If submaximal occupancy by agonist is sufficient to activate heteromeric and homomeric receptors, what is receptors, with the frequency of such events increasing as agonist concentration increased. The majority (81%) of bursts were indeed brief (≤2 ms); however, some longer bursts (12.6 ms) were also observed. This observation, together with previous observations that brief, isolated single-channel openings persist at high agonist concentrations (Colquhoun and Sakmann, 1985) , suggests the interesting possibility that both short-and longer-lived channel activations may arise from either mono-or di-liganded receptors, with a single-liganded binding site opening with greatest probability to the shorter-lived opening, and the di (Katz and Thesleff, 1957; Sakmann et al., 1985; Sine and Steinbach, 1986) .
Ideally, MTSEA modification occurred to completion at all "L119C" sites, producing binding sites with no affinity for ACh, and with no effect on channel gating itself. The observation that some currents were recorded after MTSEA was applied to the 11L121CL119C double mutants in both two-electrode voltage clamp and patch clamp experiments is problematic. Does the MTSEA modification only partially reduce the binding site sensitivity to ACh, or were some receptors left unmodified? Unfortunately, neither question is straightforward to answer. In a study evaluating residues that contribute to -btx binding in muscle-type receptors, Sine (1997) demonstrated that [2-(trimethylammonium)ethyl] methanethiosulfonate (MTSET) modification of receptors containing L121C, L119C, or L119C residues resulted in a 50% decrease in -btx binding, as would be expected if the receptors contained only one modified binding site and modification completely prevented -btx binding. Furthermore, analysis of the binding site-selective antagonists dimethyl-d-tubocurarine and -conotoxin M1 confirmed that the effect was a result of specific modification at the selected binding site. Electrostatic repulsion, rather than effects on channel conformation, was hypothesized to be responsible for the disruption of -btx binding after MTSET modification (Sine, 1997) . In addition, a recently constructed homology model of MTSET-modified 7L119C suggests that the modification places a hard positive charge in close proximity to where ACh is expected to bind. Because MTSET differs from MTSEA only in the substitution of activation, based on partial occupancy of the multiple binding sites, may be an important functional modality mediating the cyto-protective and perhaps also the cognitive effects documented for 7-selective agonists.
the role of the additional binding sites? Especially in the case of 7, the functional consequence of having multiple ACh binding sites may be sensitivity to low levels of agonist rather than to require high levels of occupancy for activation. High levels of agonist occupancy only appear to promote desensitization, or at least to provide sufficient activation during the process of achieving high levels of agonist site occupancy for the receptors to become desensitized. When challenged with a high concentration of agonist, 7 receptors open with highest probability during the leading edge of the solution exchange, when only a fraction of the agonist binding sites would be occupied (Papke and Thinschmidt, 1998; Papke et al., 2000; Papke and Porter Papke, 2002; Uteshev et al., 2002 Uteshev et al., , 2003 , after which the receptors are predominantly closed or desensitized. This is true whether recordings are made on a slow time scale in oocytes (Papke and Thinschmidt, 1998) or on a rapid time scale with dissociated neurons (Uteshev et al., 2002) , and this is so pronounced that with our normal experimental protocol, the time-integrated (i.e., net charge) response to 3 mM ACh shows no significant increase over that evoked by 100 µM ACh. The rapid desensitization of 7 may be a protective mechanism against cytotoxicity induced by excess entry of calcium. We also hypothesize that although the desensitized state is nonconducting, channel desensitization itself may provide another dimension of neuronal nAChR-mediated transduction of cellular signals (Suzuki et al., 2006; de Jonge and Ulloa, 2007) of particular importance for 7.
The nature of the desensitized state appears to be rather different for heteromeric and homomeric receptors. For heteromeric receptors, desensitization is associated with an approximately thousand-fold increase in the apparent affinity of the agonist binding site for ACh, whereas in 7 receptors there does not appear to be any more than a 10-fold increase in agonist affinity with desensitization (Uteshev et al., 2002) . The conversion of heteromeric receptors to a high-affinity desensitized state means they will be likely to retain agonist at the binding sites or rebind agonist even as agonist concentration decreases. This may have the effect of stabilizing the desensitized state and slowing recovery. In contrast, agonist will readily dissociate from homomeric 7 receptors, so that in the presence of low concentrations of agonist, the receptors may easily cycle between activation and desensitization, and generate a significant time-integrated calcium signal over a prolonged period of time. This modality of prolonged stimulation by low levels of agonist has been shown to be what is required to achieve cyto-protective effects via 7 receptors (Li et al., 1999) and is probably important for other roles played by 7 receptors in the brain (Uteshev et al., 2002) and in non-neuronal tissues (Wang et al., 2003) . Therefore, because it is likely that in vivo 7 receptors are tonically exposed to low level stimulation (via choline and diffuse release of ACh), receptor
